INTRODUCTION
Biosurfactants BSs are functional amphiphilic compounds produced by a variety of microorganisms. Compared to chemically synthesized surfactants, BSs are more eco-friendly, biocompatible, and multifunctional. Glycolipid-type BSs are the most promising BSs for many industrial processes because of their availability from renewable resources, such as vegetable oils and sugars, and their versatile interfacial and biochemical properties 1, 2 .
Sophorolipids SL are a class of glycolipid-type BSs that can be easily mass produced 3 . Starmerella bombicola is a high-yield producer of SL over 400 g/L 4 6 . Naturally synthesized SL are mixtures of lactonic and acidic forms with a content ratio that depends on the specific species of the producers. SL are surface-active and exhibit low toxicity, high biodegradability, and antimicrobial properties. Many are currently used as additives in cleaning products and cosmetics 7, 8 . Mannosylerythritol lipids MEL are also produced by fungal strains of the genus Pseudozyma or Ustilago 9, 10 . MEL also boast excellent interfacial properties, specific self-assembly, and a variety of biological activities 1 .
In particular, MEL exhibit a ceramide-like moisturizing activity toward human skin cells 11 , cell-activating properties toward fibroblast and papilla cells 12 , and properties suitable for hair care products 13 . An MEL homologue MEL-B is now commercially available for cosmetic use 14 .
BSs have been used widely in toiletry products, including detergents and cosmetics, and are expected to be used in agricultural and environmental products because of their inherent biocompatibility, low toxicity, and bioactivity. In addition, BSs are also excellent surface-active reagents and some companies have placed new products based on BSs on the global market for several years. Although BS products are now mainly found in toiletry products, this distribution of BSs as functional chemicals will accelerate in the near future. In this study, we examined the interfacial properties of plastics incorporating glycolipid BSs as functional additives. Few reports have explored the effects of BSs in polymer mixtures. Ashby et al. reported that the addition of SL enhanced the surface roughness and changed the thermomechanical properties of solvent-cast films of polyhydroxyalkanoate PHA 15 . Solaiman et al.
studied the controlled release of SL from biopolymer films and its antimicrobial properties 16 . They reported that SL have the potential to be used as a plasticizer by lowering the degree of polymer crystallization. Ashby et al. also reported on plasticizers derived from the decomposition of SL and the availability of hydroxyl fatty acids 17 . Therefore, more research is required to fully understand the utility of BSs as supporting materials in plastics. Our previous studies showed that solutions containing MEL can disperse across a variety of surfaces, including hydrophobic plastics and plant leaves 18 . Additionally, MEL treatments can enhance the wettability of hydrophobic surfaces and have been shown to facilitate the spread of microbial cells on plant surfaces. Moreover, the surface hydrophilicity and degradability of bio-based plastic films can be controlled with MEL pre-treatments 19 . This suggests that MEL may be used as a coating to modify the surface properties of plastics. In this study, glycolipid BSs were added directly to a plastic resin. We thought that an aliphatic polyester, particularly a bio-based polyester, would be a more compatible plastic for glycolipid BSs from an environmental compatibility viewpoint. Therefore, we first selected poly lactic acid PLA , which is a leading example of a bio-based aliphatic polyester. The surface properties of PLA films containing small amounts of glycolipid BS were evaluated. The wettability of BS-blended PLA films changed significantly as a function of preparation. We report here the effects of glycolipid BS additives on the surface properties of PLA.
EXPERIMENTAL PROCEDURES

Materials
Most of the glycolipid BSs were prepared in our laboratory according to procedures described in previous reports. MEL-A CMC 2.7 10 6 M, γCMC 28.4 mN/m Fig. 1a was prepared from soybean oil by Pseudozyma antarctica T-34 20 . MEL-B CMC 3.1 10 6 M, γCMC 26.1 mN/m Fig. 1b was supplied 25 . Each glycolipid BS was purified by silica gel column chromatography according to previously reported procedures. Polyoxyethylene 20 sorbitan monolaurate Tween 20 Wako Pure Chemical Industries, Ltd., Osaka, Japan , n-dodecyl-β-D-maltoside C12Mal Dojindo Laboratories, Co., Ltd., Kumamoto, Japan , and other reagents and solvents were purchased commercially and used as received. The PLA used in this study was TERRAMAC ® TE-2000 https://www.unitika.co.jp/plastics/e/terramac/ index.html and was donated by Unitika Ltd Osaka, Japan .
Preparation of PLA lms containing surfactants
The following standard procedure was adopted for the preparation of PLA films containing surfactants 1 wt of MEL-B in PLA . PLA 400 mg and MEL-B 4 mg were dissolved in chloroform 10 mL , and 1 mL of this solution was poured onto a glass microscope slide ca. 1.5 7 cm and dried in air for a few days. After drying, the resulting sample film was peeled from the glass. The front air-exposed surface and back glass-contact surface sides of the PLA films were examined and marked, and the thickness of each film was measured. Using similar methods, PLA films of varying thicknesses and containing different amounts of various surfactants were prepared on glass slides, an aluminum sheet, or a Teflon plate.
Contact angle measurements
The contact angles of water on the PLA film surfaces were measured with a Drop Master DMs-401 Kyowa Inter- Fig. 1 Chemical structures of the glycolipid biosurfactants used in this study.
face Science Co., Ltd., Saitama, Japan . A 2-μL aliquot of distilled water was dropped onto each PLA film, and the temporal dynamics of its contact angle were measured immediately and then every second for 100 s. Each reported parameter represents the average of at least five independent measurements obtained from each side of each film.
2.4 Surface and cross-sectional analyses of MEL-containing PLA cast lms Distribution of MEL at the surface and throughout the cross-section of MEL-B-containing PLA films was analyzed by time-of-flight secondary ion mass spectrometry TOF-SIMS Mitsui Chemical Analysis and Consulting Service, Inc., Chiba, Japan . The measured PLA film contained 1 wt MEL-B was prepared as described above. Surface analyses were performed by monitoring the positive secondary ions derived from MEL-B m/z 657.4 and PLA fragments m/z 99, 127, 145, and 217 on both surfaces of the sample. Additionally, the back side glass-contact surface of the sample film was cut at an angle to a depth of 10 μm using a Surface and Interfacial Cutting Analysis System SAICAS . Cross-sectional analyses were performed on this cut surface.
RESULTS AND DISCUSSION
Contact angles of PLA lms containing MEL-B
PLA films with or without 1 wt MEL-B were prepared by chloroform solution casting. The wettability of each film was immediately assessed. As expected, the contact angles on the surface of the MEL-B-containing PLA films were dramatically lower 10 than those on the untreated PLA films 70 . In addition, several PLA cast films containing different concentrations of MEL-B 0.1-5 wt were prepared and tested. We observed significantly decreased contact angles on the surface of each film containing more than 0.5 wt MEL-B data not shown . Therefore, we chose 1 wt concentration of surfactants for all subsequent experiments because it allowed us to obtain a stable result with good reproducibility. Several additional MEL-B-containing PLA films of varying thicknesses were prepared, and their contact angles were measured. Interestingly, the wetting behaviors of opposite sides of the same film drastically differed. For example, a water droplet placed on the air-exposed side of a 25-μm thick MEL-Bcontaining PLA film that had been peeled from a glass slide did not spread across the surface. In contrast, a droplet placed on the side of the film that had been in contact with the glass surface spread immediately across the film with a very low contact angle Fig. 2 . Figure 3 shows the relationship between film thickness ca. 10-60 μm thick and the contact angles obtained from each side of the prepared films. On all MEL-B-containing PLA cast films, water droplets spread quickly over the side of the film that had been in contact with the glass surface. At first, we expected that MEL were mixed into the PLA matrix either homogeneously, because the wettability of the MEL-B/PLA blend film is reasonable based on the amount of MEL added, or inhomogeneously, because a concentration gradient of MEL is generated in the PLA and the wettability of the film depends on the film thickness. However, the results were unexpected; the contact angles at both sides of the films were obviously different, even thorough the film thickness was the same. We therefore hypothesized that MEL-B was not homogeneously dispersed throughout the film but rather localized at the glass contact surface. Cross-sectional analyses of PLA films containing MEL-B were used to test this hypothesis.
Surface and cross-sectional analyses of MEL-B-
containing PLA cast lms MEL-B-containing PLA cast films ca. 25-μm thick were prepared and analyzed by TOF-SIMS to confirm the distribution of MEL in the PLA film. The positive secondary ion derived from MEL-B m/z 657.4 was clearly detected, as were several PLA fragment ions m/z 99, 127, 145, and 217 , at the glass contact surface of the PLA film. Conversely, signals derived from PLA fragments on the surface of the film that had been exposed to air were significant, whereas peaks derived from MEL-B were miniscule. The peak intensity ratios of MEL to PLA fragment ions MEL-B/ PLA were calculated and compared between the two surfaces Table 1 .
When normalized to the intensity of PLA fragment ions, signals corresponding to MEL-B on the glass contact surface were approximately 7-11 times larger than those obtained from the surface that had been exposed to air. Although the peak intensities obtained from TOF-SIMS are not typically used for quantitation, this result suggests that the amount of MEL-B on the air-exposed surface was relatively small. This supports the above hypothesis, which states that MEL-B is localized at one surface of the PLA film. A slit was cut at an angle into the glass contact surface of the PLA containing MEL-B film via SAICAS to enable cross-sectional analysis of the cut surface. The cut area was 500 μm long and 10 μm deep the average slope θ was 1.15 because tanθ 10/500 . A two-dimensional map of the positive SIMS ion corresponding to MEL-B on the cut surface is shown in Fig. 4 , and line profiles are given in Fig.  5 .
The data in Fig. 4c show that the lactic acid fragment ion C 3 H 3 O was detected throughout the cut area. In contrast, ions corresponding to MEL-B were detected only at the glass contact surface, not on the cut surface Fig. 4d . The line profiles in Fig. 5 show that MEL-B was not present on the cut surface. Interestingly, MEL-B was observed only in a thin several nanometers layer at the glass contact surface of the PLA film.
These results suggest that MEL-B and PLA do not mix homogeneously but instead exhibit micro-phase separation. We hypothesize that MEL-B separated from the hydrophobic PLA polymer phase and self-assembled into a thin layer on the hydrophilic glass surface during the evaporation of chloroform following film casting. Therefore, we suspected that the surface polarity of the substrate may influence the self-assembly of MEL-B at the interface between PLA and the substrate. This would, in turn, affect the difference in wettability between the two sides of the cast film. Although using different materials, Briddick et al. reported the formation of surfactant and plasticizer layers on spin-cast polymer films by blooming during the drying process 26 . MEL-B might bloom and self-assemble on PLA surfaces in a single component.
3.3
Wettability of MEL-B-containing PLA cast films prepared on different substrates As described above, 1 wt MEL-B-containing PLA cast films ca. 25-μm thick were prepared on an aluminum sheet or a Teflon plate instead of a glass microscope slide. The water contact angles on these PLA cast films are summarized in Table 2 .
When cast films were prepared on relatively hydrophilic aluminum sheets, the contact angle on the side that was exposed to air was greater than 60 , whereas that on the side that had been in contact with the aluminum surface was approximately 10 . As with films cast onto glass slides, the wettability of the PLA film was significantly greater on the substrate aluminum contact surface. In contrast, films cast on hydrophobic Teflon plates showed the opposite behavior, with contact angles higher on the side of the film that had been in contact with the substrate. Water droplets did not spread across the side of the PLA film that had been in contact with the Teflon substrate but spread immediately out on the side that had been exposed to air. These results suggest that the surface wettability of MEL-B-containing PLA films depends on the relative hydrophilicity of the substrates onto which they are cast. With a hydrophilic substrate, MEL-B segregates from the PLA, selfassembling into a thin layer on hydrophilic glass and aluminum surfaces. With a hydrophobic substrate, MEL-B again segregates from PLA but then self-assembles into a thin layer at the PLA air interface. As described above, an orderly MEL-B layer might bloom at the interface between PLA and a hydrophilic phase such as glass, metal, or air. 3.4 Contact angles of PLA-cast lms containing various surfactants As described above, MEL-B-containing PLA cast films exhibited unique wetting behaviors. We therefore investigated the effects of other glycolipid BSs and synthetic surfactants when blended into a PLA matrix. As described above, PLA-cast films containing 1 wt surfactant were prepared on glass slides ca. 25-μm thick . Contact angles, shown in Fig. 6 , were measured on both sides of each film after peeling from the substrate.
The contact angles on the air-exposed sides of films were around 70 and minimal surface wetting was observed. In contrast, the contact angles on the substrate side of the untreated control PLA films were slightly lower 50 . Compared to the control, Tween 20-and MEL-A-containing PLA films did not show significant decreases in contact angle. In particular, contrary to our expectations and despite their similar chemical structures, the effects of MEL-A on the contact angle were weaker than those of MEL-B. MEL-A is more hydrophobic than MEL-B and has a lower CMC 9 . Additionally, the carbohydrate configuration of the MEL-B used in this study differs from that of conventional MEL-A. Diastereomeric MEL should be more hydrophilic 21 . The data shown herein suggest that, compared to MEL-B, MEL-A mixes more homogeneously into PLA, with less phase separation and localization into a surface layer. Conversely, LSL-and CL-containing PLA films showed wetting behaviors similar to those of MEL-B-containing films. In particular, LSL significantly increased the surface wettability of the PLA film. However, LSL is more hydrophobic than MEL and is more likely to homogeneously mix into PLA. However, our wettability results suggest that, similar to MEL-B, LSL was localized at the glass contact surface of the PLA cast film. Therefore, LSL may not be fully soluble in PLA. A study on surfactant-blended biopolymers performed by Solaiman et al. reported that SL was released from SL-PLA composite films 16 . Our results support the hypothesis that SL segregates from the PLA matrix. Moreover, contact angle measurements could not be precisely performed on C12Mal-and ASL-containing PLA cast films data not shown because these surfactants separated completely from the PLA and homogeneous, flat films could not be obtained. These results indicate the importance of the balance of co-solubility, polarity, and suitability between surfactants and the polymer matrix and exemplify the use of BSs instead of coatings as functional additives for surface modification.
CONCLUSIONS
Feasibility of using glycolipid BSs as functional additives in bioplastics was explored. Although the use of BSs as coating materials has been shown to enhance the wettability of hydrophobic surfaces and modify the surface properties of plastic films, the present study demonstrates a new means of surface modification by blending BSs directly into the plastic matrix. The self-assembling properties of BSs and the micro-phase separation between BS and the polymer matrix resulted in a localized thin layer of BS at the PLA substrate interface. As a result, the surface wettability of the cast film increased only on the side that had been in contact with the substrate. Unfortunately, this specific wetting behavior can be reproduced only by preparing films by solvent casting and not by the mix and hot press method. Further investigations are required to expand this technique to a wider range of applications. We hope that the present study is important feasibility research for new users of BSs in the early days of the utilization of BS, particularly for wide range of chemical products other than toiletry products.
